Aim: To explore the potent inhibitor from one of the Traditional Chinese medicine (TCM), Epimedium sagittatum. Methods: We predicted the potent compound, eS03b, de novo evolution from the four Epimedium sagittatum components were verified by molecular docking, pharmacophore analysis, and analysis of quantitative structure-activity relationship (QSAR) model, which was constructed by multiple linear regression. Results: ES03b was chosen to undergo drug modification via de novo evolution. By analyzing the pharmacophore features, we found that the hydrophobic core in the binding site and the hydrogen bond generated at Asn663 played key roles in designing PDE5 inhibitors. eS03b generated 49 diversities (evo01-49). evo48 had high activity in prediction. Although the value of prediction was overestimated, evo48 was suggested as the potent lead. Conclusion: In this study, we showed that the hydrophobic core in the binding site and hydrogen bond production on Asn663 played key roles to design PDE5 inhibitors. From several require validation analysis, Evo48 was suggested to be a potent inhibitor.
Introduction
Phosphodiesterase superfamily is the key enzyme for degrading the intracellular second messenger cAMP and cGMP. Phosphodiesterases (PDEs) are drug targets for treating many diseases such as heart failure, depression, asthma, inflammation, and even erectile dysfunction. Male erectile dysfunction is usually caused by low concentration of cyclic GMP. Thus, PDE5 is taken as the target of sildenafil citrate, tadalafil, and other similar drugs for the treatment of erectile dysfunction [1] . Penile erection is a hemodynamic event in the smooth muscle of corpus cavernosum. This physiological response is mediated by the neurotransmitter nitric oxide (NO) that is released from both nitrergic nerves and sinusoidal endothelium. Nitric oxide stimulates the soluble guanylyl cyclase in cavernosal smooth muscle, inducing increased synthesis of cyclic GMP (cGMP) to lead relaxation of smooth muscle [2] . The cGMP levels in the corpus cavernosum are regulated by soluble guanylyl cyclase and cyclic nucleotide phosphodiesterases (PDEs). As mentioned above, phosphodiesterase5 (PDE5) is an enzyme for degrading cGMP. Since normal erection needs a high level concentration of cyclic GMP to decrease calcium ions in vascular smooth muscle cells of the penis, thus, the inhibitors of PDE5 were used for treating erectile dysfunction such as sildenafil citrate (Viagra) and tadalafil (Cialis) [3] . However, there is a cost to this treatment. The side effects of sildenafil citrate and tadalafil, owing to inhibiting PDE6 and 11, may cause headache and optical interruption [4] [5] [6] . Nevertheless, certain components from natural herbs and products from Traditional Chinese Medicines (TCM) can treat erectile dysfunction [7, 8] . According to the reports of several studies [9] [10] [11] [12] [13] , ES01, ES02, ES03a, and ES03b, the components from Epimedium sagittatum, were selected to investigate the interaction with PDE5 for discovering the leading compounds to treat erectile dysfunction (Table 1) .
In the past few years, we had focused on computer-aided drug design (CADD) in several researches [14] [15] [16] [17] [18] [19] [20] [21] . In our experience, before the de novo design, a suitable scoring function should be selected to evaluate the protein-ligand interaction. CADD includes protein based method and ligand based method. Both of them were used for improve reliability. The major benefit of CADD in drug discovery is that it costs much less than any biomedical test of inhibition in cells just like in the references from APS [22] [23] [24] [25] [26] [27] [28] . The ligand based method is built on regression analysis for molecular structure and properties against activities, while the protein based method focuses on the docking procedure in which the structure of the protein would be docked with many kinds of inhibitors and the binding energies would be calculated [29, 30] . When the patterns of results in the two methods agree with each other, it indicates a reliable outcome.
In this study, sildenafil citrate (Viagra) and tadalafil (Cialis) were selected as the control set in this protocol ( Figure   1 ) [31] . We expected to discover some compounds from nature products that would have higher activities than that of Viagra and Cialis.
Materials and methods

Dataset
All the molecular simulated performances were based on Discovery Studio modeling 2.0 (Accelrys Inc, San Diego, USA). Three-dimensional (3D) molecule model of PDE5-sildenafil citrate complex was downloaded from Protein Data Bank website (PDB ID: 1UDT) [32] . Components of Epimedium sagittatum (ES01, ES02, ES03a, ES03b) ( Figure 1 ) were drew by ChemDraw Ultra 10.0 (Cambridgesoft Inc, USA) and transformed to 3D molecule models by Chem3D Ultra 10.0 (Cambridgesoft Inc, USA). The forcefield of the Chemistry at Harvard Macromolecular mechanics (CHARMm) would be applied to 3D molecule models of PDE5-sildenafil citrate complex and Epimedium sagittatum components. CHARMm uses a flexible and comprehensive empirical energy function that is a summation of many individual energy terms. The energy function is based on separable internal coordinate terms and pairwise nonbond interaction terms. Then, 
Docking and scoring function prediction
The docking scores and binding energy were calculated from Accelrys Discovery studio V2.0. The protocol was as follows: Receptor-Ligand Interactions\Dock Ligands (LigandFit), Simulation\Energy Minimization, and ReceptorLigand Interactions\Calculate Binding Energies; all steps were executed with the Chemistry at Harvard Macromolecular mechanics (CHARMm) forcefield. We set the control group, which included cGMP, sildenafil citrate and tadalafil with PDE5 for calculating their docking scores and binding energies. We set the maximum poses retained as 10, RMS threshold for diversity as 1.5, and score threshold for diversity as 20.0. The minimization algorithm was set. The minimization energy tolerance was zero and the gradient tolerance was 0.001 by default. The same protocols was used to calculate docking scores and binding energies for components of Epimedium sagittatum (ES01, ES02, ES03a, ES03b) with PDE5, and compare with docking scores of the control group.
Ligand de novo evolution
The component which has the highest score would be selected into the next protocol: Receptor-Ligand Interactions\De Novo Evolution. The drug design program from pharmacophore methodology could change side groups from the setting data which based on target component for getting higher binding affinity to PDE5. The de novo evolution results were calculated docking scores for checking their docking scores.
Pharmacophore analysis
The protocols: pharmacophore\Interaction Generation, Common Feature Pharmacophore Generation, and Ligand Pharmacophore Mapping on Accelrys Discovery studio 2.0 were employed. The receptor and ligands were analyzed the active site for hydrogen bond donors, acceptors, and hydrophobes. The results of the calculation were interaction maps [31, [33] [34] [35] [36] .
Multiple linear regression (MLR) analysis
We calculated the properties of the molecules from Xia's study [37] ( Table S1 ). The properties contained AlogP, molecular (Table S2) . Multiple linear regression analysis was used to build the QSAR model. Those properties were associated to drug activities by the QSAR model [38] [39] [40] .
Results
Docking screening and binding free energy calculation
Compared the docking scores and binding energies of the control group with the components of Epimedium sagittatum, we found that ES03b had a high score the same as tadalafil ( Table  2 ). The binding energy of ES03a was much better than ES03b. However, docking score was considered as the degree of difficulty about ligands moving into the binding site, but the binding energy was the stability of ligand-receptor complex. Therefore, ES03b was selected to design derivatives.
To observe the binding site of PDE-5, we found that the binding site was a typical pocket conformation and had a narrow entry but a spacious inside. At the bottom of the inside, Phe786, Asn662, and Leu804 built a wall ( Figure 2) ; it implied that ligands should twist around the wall but could not dock into the depths of the pocket. The structure of ES01 was similar to ES02, but ES01 had only one rhamnosyl groups (Table 1) , which were difficult to twist to detour the wall and to touch the depths of the pocket. Accordingly, ES01 was non available in docking scoring. Unfortunately, the flexibility of receptor was set as rigid body in our program. Thus, the possibility of ES01 can't perform in our study.
ES03s had two long arms at R 5 site in their structure (Table  1) . They could detour the wall and dock into the depths of the pocket but would be difficult to deviate from binding site. It was correspondent to the results of binding energies. Com- Figure 3 ). Comparing ES03a and ES03b, the hydroxyl group on type1 was at R 5 site. This conformation was set by the two arms. In fact, the hydroxyl group at R 5 site was more difficult to form a hydrogen bond than in ES03b.
Ligand de novo evolution and scoring function analysis Ligscore 1 and Ligscore 2 were calculated by the descriptors of polar surface in receptor-ligand interactions. As Table 3 , there was no significant difference in Ligscore 1 and Ligscore 2. Compared with Table 2 and 3, Ligscore 1 and Ligscore 2 in the evolution results were indeed higher than the control group. It was thought that the Evo series could have more polar interaction area than cGMP. Piecewise Linear Potential (PLP) scores were calculated by the descriptors about hydrogen bonds forming. Higher PLP scores indicated stronger receptor-ligand binding. The expressions of hydrogen bonds could be observed in Figure 3 and Table 2 . In PLP scores, the values of the Evo series were higher than the control group as well.
Potential of mean force (PMF) scores were calculated by summing pairwise interaction terms over all interatomic pairs of the receptor-ligand complex. Increased PMF scores were important in the competition of cGMP with PDE-5 inhibitors (Table 2 ). According to PMF scores and docking scores, Evo 45 and 48 were elevated into pharmacophore analysis. Jain, Lig internal energy (LIE), Ludi scores, and binding energy were consulted in hydrophobic interaction, entropy, degree of freedom, and energy change. They were employed for insuring the binding stability in receptor-ligand complex of Evo series higher than the control group.
Pharmacophore analysis and functional prediction
By pharmacophore analysis, the results were suggested that type2 formed a hydrogen bond in the depths of the pocket by the hydroxyl group on R 4 site. Because the hydroxyl group could be hydrogen bond donor or acceptor, the interaction map about hydrogen bond acceptor would be the same as the map about hydrogen bond donor on the hydroxyl group (Figure 4) . The results of multiple linear regression analysis The molecular properties from Xia's study [37] were associated to QSAR model by followed equation: The values of MLRTempModel had high correlation (R 2 =0.848) with drug activities in this QSAR model ( Figure  5 ). This correlation was employed to predict pIC 50 of the ES series (Cialis=7.988, ES02=6.31, ES03a=9.78, ES03b=10.03). The trend of this result consisted with the docking consequence ( Table 2) .
Discussion
The center of binding site was filled with hydrophobic regions The unit of binding energy was kcal/mol. LigS was Ligscore, DS was docking score and LIE was Lig internal energy. Figure 4C ). It meant that hydrophobic compounds could have higher stability in PDE-5. ES03b was more agreeable to the phamacophore map than ES03a, because of the hydroxyl group on R5 site nearby the regions of hydrogen bond donor at the bottom pocket ( Figure 4A, 4B) . At the gate of the pocket, there was the region of hydrogen bond accepter, and the pose of ES03b was more suitable than type1 as well ( Figure 4A, 4B ). According to those results, in MLR, ES03b was selected into the drug design procedure. By Ligand De Novo Evolution, 49 kinds of derivatives of ES03b were designed. We also calculated the docking scores and binding energies for 49 compounds, whose docking scores and binding energies were better than ES03b and would be selected (Table 2) . No 45 and 48 were the best result in this study; their poses were very similar to ES03b, but docking scores and binding energies were better than ES03b. The different side chain was pointed out that the change of this site might improve binding affinity ( Figure 6 ).
Compared the poses of ES03b, Evo 45 and Evo 48, the derivatives of ES03b binding to PDE-5 were by four key residuals on PDE-5: Asn661, Tyr664, Asp803, and Lys812 ( Figure 7) . We suggested that a new inhibitor of PDE-5 be designed from this viewpoint, because the four hydrogen bonds could tightly grasp to ES03b derivatives, which were like a claw to catch the pocket of PDE-5.
In the results of MLR analysis, Evo48 was overestimated by calculation (Table S3) . We suggested that the value of prediction (pIC 50 =29.582) should not be absurd, but it was far from the truth indeed. However, the prediction was considered with higher activity than the control group significantly. To rank the consequence of the prediction, the trend consisted with the docking results ( Table 3 and Table S3 ). In other words, MLR analysis ranged the potent inhibitors clearly, but it could not calculate the prediction value precisely. It required more information to adjust the QSAR model to increase the accuracy of prediction.
Conclusion
In Traditional Chinese Medicines (TCM), Epimedium sagittatum was well known for treating erectile dysfunction. Four components from Epimedium sagittatum (ES01, ES02, ES03a, and ES03b) which docked to PDE-5 and ES03b had a high docking score as tadalafil had. The possibly active component Figure 5 . The docking poses of ES03b, No45, and No48 in PDE5. The green one was eS03b, the light blue one was no45, and the purple one is no48. The main different side chain between them was labeled by red circle. could be analyzed by CADD. MLR was applied to build a QSAR model, which was employed to predict activities of the ES series. The trend of this prediction consisted with the docking consequences. According to the consequences, we suggest that ES03b should be a potent inhibitor of PDE-5. 49 kinds of derivatives of ES03b were designed and docking scores were calculated, which were compared to those of tadalafil and sildenafil citrate. 23 derivatives were selected to be leading drugs for treating erectile dysfunction.
Epimedium sagittatum is not expensive and could be a potential herb to extract leading compound for treating erectile dysfunction. We expect this study of TCM could decrease the cost on drug production and synthesis. This research indicated that the hydrophobic core in the binding site and hydrogen bond production on Asn663 played crucial roles in designing PDE-5 inhibitors. The docking score of Evo48 was 114.46, which signified that the structure of Evo48 could be developed for new PDE-5 inhibitor. 
